Activation-induced deaminase (AID) introduces nucleotide substitutions within the variable region of immunoglobulin genes to promote antibody diversity. This activity, which is limited to 1.5 kb downstream of the variable gene promoter, mutates both the coding exon and downstream intronic sequences. We recently reported that RNA polymerase II accumulates in these regions during transcription in mice. This build-up directly correlates with the area that is accessible to AID, and manipulation of RNA polymerase II levels alters the mutation frequency. To address whether the intronic DNA sequence by itself can regulate RNA polymerase II accumulation and promote mutagenesis, we deleted 613 bp of DNA downstream of the J H 6 intron in the human Ramos B cell line. The loss of this sequence did not alter polymerase abundance or mutagenesis in the variable gene, suggesting that most of the intronic sequence is dispensable for somatic hypermutation.
Introduction
During B cell development, variable (V), diversity (D) , and joining (J) gene segments recombine to create a functional V(D)J exon. This initial diversity is further expanded after antigen encounter, when B cells mutate their V(D)J genes to increase antibody affinity. The process is initiated by activation-induced deaminase (AID) Revy et al., 2000) , an enzyme which converts cytosine to uracil in single-strand DNA (Di Noia and Neuberger et al., 2002; Maul et al., 2011; Petersen-Mahrt et al., 2002) . The presence of uracil in DNA initiates a mutagenic cascade, resulting in the introduction of point mutations within the V region during somatic hypermutation (SHM), and DNA double-strand breaks within switch (S) regions preceding constant (C) genes during class switch recombination. The ability of AID to access single-strand DNA is intimately associated with the process of transcription by RNA polymerase II (Pol II) Chaudhuri et al., 2003; Dickerson et al., 2003; Pham et al., 2003; Ramiro et al., 2003; Sohail et al., 2003) . It has recently been proposed that AID physically interacts with components of the stalled transcription complex to bring AID to the immunoglobulin locus (Pavri et al., 2010; Willmann et al., 2012) . In S regions, Pol II stalling is caused by the generation of R-loop structures (Rajagopal et al., 2009; Yu et al., 2003) . These structures occur when the newly transcribed RNA remains annealed to the transcribed DNA strand and occludes the non-transcribed strand from reannealing. However, in V regions, there are no Rloop structures that arise during transcription. Nonetheless, we recently described the accumulation of Pol II which correlates with AID activity (Maul et al., 2014) , indicating that other DNA sequences may be involved in pausing Pol II.
During SHM, mutagenesis is limited to a 1.5 kb region downstream of the Ig promoter. This mutation window spans both the leader (L) and V(D)J exons and downstream intronic sequences on both heavy and light chain loci. Interestingly, the distance is independent of which V(D) J gene is used, suggesting that any conserved AID targeting element would not be found within the exon itself. Consistent with this hypothesis, replacement of the V(D)J exon with non-immunoglobulin sequences produced normal frequencies of mutagenesis (Yeap et al., 2015; Yelamos et al., 1995) . Thus, any cis targeting component might be located within other DNA sequences in the mutation window. The intron sequences downstream of rearranged J gene segments are attractive candidates because they are proximal to V(D)J genes and are shared in every rearrangement. In mice, intronic sequences have frequencies of mutation that are comparable to those in adjacent V(D)J exons (Gearhart and Bogenhagen, 1983; Kim et al., 1981; Lebecque and Gearhart, 1990; Pech et al., 1981) . The frequency then diminishes after 500 bp, suggesting that AID activity declines over distance. The universal nature of SHM in these unselected introns is confirmed by noting that the 3′ flanking sequences on three different loci in mice undergo SHM: IgH (Both et al., 1990; Jolly et al., 1997) , Igκ (Hackett et al., 1990) , and Igλ (Gonzalez-Fernandez et al., 1994). Furthermore, (Qian et al., 2014) ; white ovals signify the Eμ enhancer and Sμ region; and black box represents the Cμ1 exon. Pink dotted lines show the deletion. E, EcoRI. C) Nucleotide sequence (613 bp) that was deleted downstream of the EcoR1 site (underlined) is marked by red dashes. The rearranged J H 6 gene segment is underlined for reference. different species such as human (Goossens et al., 1998; Qian et al., 2014) and shark (Zhu and Hsu, 2010) have high frequencies of SHM in introns. Although these disparate loci and animals do not share sequence conservation, their location and/or structure intimates they may play a role in targeting SHM. In fact, the J H intron sequences in germinal center B cells from mice (Maul et al., 2014) and the human Ramos cell line retain an abundance of Pol II as detected by ChIP, suggesting that cis DNA sequences in this region might block progression of transcription complexes.
Previous attempts to study the role of introns have produced conflicting results that are complicated by potential alterations in transcription levels. Of interest, Milstein and colleagues generated a transgenic mouse model where a portion of the Jκ intron was removed, and the mice displayed a 60% reduction in mutation frequency (Yelamos et al., 1995) . Alternatively, deletion of the entire J-C intron in the IgL locus in the chicken DT40 cell line did not alter the mutation frequency (Kothapalli et al., 2011) . In both scenarios, it is unclear whether these deletions affected Pol II accumulation. Thus, to address the long-standing question of a role for the downstream intronic sequence in promoting mutagenesis through transcriptional perturbation, we generated a Ramos cell line which lacked 613 bp in the intron downstream of J H 6 (Fig. 1 ).
Materials and methods

Generation of Δ intron Ramos cell line
WT-A and Hyg-TK Ramos cell lines were obtained from Matthew Scharff (Albert Einstein College of Medicine, Bronx, NY). Cells were grown in Iscove's modified Dulbecco's medium (Gibco) supplemented with 10% FBS (Sigma), 1% glutamax (Gibco), and 100 U/mL penicillinstreptomycin (Gibco) at 37°C with 5% CO 2 . Δ intron cells were generated using recombinase-mediated cassette exchange (Baughn et al., 2011; Han et al., 2011) , beginning with the Hyg-TK Ramos cell line and using a Δ intron replacement construct. To generate the construct, a 1037 bp fragment was PCR amplified from the plasmid pUC-VDJ1 EμSμ (WT-A) (Baughn et al., 2011) using the primers Intron deletion fwd with an engineered EcoRI site in italics (5′ cgcgaattcCACCCATGAGTG ATATGTGTCTGG 3′) and Intron deletion rev (5′ GTCCATGGAAGCCA CGCATCCCAGCTCTGG 3′) ( Fig. 2A) . The PCR fragment and the pUC-VDJ1 EμSμ plasmid were then cut with EcoRI and HpaI, followed by ligation of the fragment into the cut plasmid backbone to generate pUC-VDJ-Δ intron-EμSμ (Fig. 2B) . Two million Hyg-TK cells were electroporated in 100 μl nucleofector (Lonza) containing 12.5 μg pUC-VDJ-Δ intron-EμSμ and 3.2 μg pCMV-Cre vector obtained from Dr. Scharff. Immediately after electroporation, 500 μl culture media was added, and the cells were plated in 12-well culture plates containing an additional 1 ml of media. Cells were expanded for 1 month, stained with mouse anti-human-IgM antibody (Biolegend, clone MHM-88), and single-cell sorted for surface IgM. Positive clones were expanded for two weeks for genotyping analysis to confirm a knockin of the replacement construct, and further expanded for 12 weeks to analyze SHM events.
Chromatin immunoprecipitation (ChIP)
ChIP experiments were performed as previously described (Maul et al., 2014) on cells after two weeks in culture. Briefly, 0.5 million cells were crosslinked with 1% formaldehyde for 10 min at room temperature. Cells were washed in PBS and resuspended in 120 μl lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl pH 8.0, and protease inhibitor (Roche)) for 10 min on ice. Lysates were sonicated until the genomic DNA was sheared to an average size of 500 bp, and the chromatin was diluted to 1 ml with buffer (10 mM Tris pH 7.4, 140 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, and 0.1% SDS). 100 μl was incubated with protein-G Dyna beads (Invitrogen), that were pre-bound with 2.4 μg mouse-anti-RNA Polymerase II (Millipore, clone CTD4H8) or total mouse IgG control (Sigma) for 2 h at 4°C. Beads were washed extensively, and the bound fraction was eluted in 200 μl of elution buffer (20 mM Tris pH 7.4, 5 mM EDTA, 50 mM NaCl, and 15 μg proteinase K) at 68°C for 2 h. After digestion, supernatants were collected, and DNA was isolated. Pulldown levels were analyzed using primer sets located in the J H intron adjacent to the VDJ exon (V) and the Cμ1 exon (C), corresponding respectively to primers F and K in Scharff and colleagues , and power SYBR green reagent (Invitrogen). Percent input was calculated as previously described (Maul et al., 2014) .
Hypermutation analysis
Independent WT-A and Δ intron clones were plated as single cells in 96-well culture plates and maintained in growth media for 2 weeks. Clones which displayed similar growth rates were further expanded for 10 additional weeks, and genomic DNA was isolated for sequencing analysis. Two WT-A and 4 Δ intron clones were chosen and sequenced using primers SEQ fwd (5′ ACACATTTCCTTAAATTCAGGGTC 3′) and SEQ rev (5′ GGCTCCCAGATCCTCAAGGCAC 3′). Due to clonal expansion, shared mutations were counted only once, and mutation frequencies were calculated as mutations per total nucleotides sequenced.
Results
Deletion of J H 6 intron sequence using recombinase-mediated cassette exchange
The Ramos cell line is a human Burkitt B cell lymphoma which undergoes constitutive mutagenesis in the V domain (Sale and Fig. 2 . Schematic of the Δ intron replacement strategy. A) Map of WT-A replacement construct with loxP recombination sites (Baughn et al., 2011) . Arrows represent the area amplified by PCR to generate the Δ intron fragment used for subcloning. The 5′ primer had a novel EcoRI (E) site (pink), and the 3′ primer was located near a HpaI (H) site. The PCR fragment containing the Eμ enhancer was then digested with E and H enzymes. B) Stepwise generation of Δ intron replacement plasmid. The WT-A replacement plasmid was cut with E and H, and ligated to the PCR fragment from A) to generate the Δ intron replacement plasmid. Neuberger, 1998; Zhang et al., 2001) . This region contains a L exon and V H 4-34 gene segment rearranged to the D3-22 and J H 6 gene segments, and 1 kb of 3′ intronic DNA prior to an Eμ enhancer site, Sμ switch region, and Cμ constant gene (Fig. 1A) . Somatic hypermutation in this cell line occurs for 1.5 kb of DNA downstream of the promoter to include the VDJ exon and intronic DNA (Qian et al., 2014) . To test the possibility of cis targeting elements located within the intronic DNA, we created a Δ intron cell line (Fig. 1B) where 613 bp of the intron was deleted at an EcoR1 site located 150 bp downstream of J H 6 (Fig. 1C) and ending 200 bp upstream of Eμ, to minimize alterations to enhancer activity.
Using recombinase-mediated cassette exchange (Baughn et al., 2011) (Fig. 2) , we replaced the Hyg-TK cassette from Hyg-TK Ramos cells ( Fig. 3Ai ) with a Δ intron replacement cassette (Fig. 3Aii) , to create the Δ intron cell line (Fig. 3Aiii) . The cells were compared to a wild type cell line, WT-A (Fig. 3Aiv) , which contained the full-length intron that was generated via an identical approach by Scharff and colleagues (Baughn et al., 2011) . Due to the lack of a VDJ-Cμ sequence in the Hyg-TK line, we screened for recombinants which restored IgM surface expression (Fig. 3B) . IgM + cells were single-cell sorted and sequenced after two weeks to confirm the genotype. The Hyg-TK cell line does not express surface antibody prior to transfection. After introducing the Δ intron cassette, positive recombinants were selected for surface IgM expression, single-cell sorted, and expanded to 100% IgM + purity. Castiblanco et al. Molecular Immunology 97 (2018) 101-108 
Pol II accumulation was similar in V regions of WT-A and Δ intron cells
To examine a potential role for J H 6 intronic sequences in causing Pol II abundance, the levels were assayed by chromatin immunoprecipitation (ChIP) with anti-Pol II antibody in WT-A and Δ intron cells, in both the V and C regions (Fig. 4A) . Consistent with accumulation in mice (Maul et al., 2014) , the V region had significantly higher levels of Pol II compared to the C region in WT-A Ramos cells (Fig. 4B, ). However, this accumulation was independent of the downstream J H 6 intronic sequence, as Δ intron cells displayed similar Pol II levels. Control ChIPs with nonspecific IgG showed negligible precipitation in both cell lines. Thus, the 613-bp deletion in the J H 6 intronic sequence was dispensable for Pol II accumulation.
SHM was comparable in V regions from WT-A andΔ intron cells
To address the role of J H 6 intronic sequences in promoting mutagenesis, mutation frequencies were determined in WT-A and Δ intron cells after 12 weeks in culture. Frequencies were calculated for all unique mutations that occurred in the 700 bp region between the V region TATA box and the EcoRI site common between both cell lines (Fig. 5A) . DNA sequencing revealed that there was no significant change in mutation frequency between WT-A and Δ intron cell lines (Fig. 5B) . The spectra of changes for the single nucleotide substitutions are listed in Fig. 5C , and show that over 90% of the mutations were at G and C nucleotides, indicating AID deamination of C on both DNA strands. This is in accord with previous reports indicating a strong G:C bias in Ramos mutations (Sale and Neuberger, 1998) , despite the presence of proteins that are associated with A:T mutations, such as functional MSH2/MSH6 repair proteins and DNA polymerase eta in the cells (Xiao et al., 2007) .
Ramos and another Burkitt lymphoma line, BL2 (Denepoux et al., 1997) , may lack the A:T spectra if uracils are repaired earlier in the cell cycle than they are in vivo, leading to more faithful base excision repair and less mutagenic mismatch repair (Kano et al., 2011; Saribasak and Gearhart, 2012) .
To evaluate the possibility that deletion of a large region of the J H intron might shift the mutations towards the 5′ end of the VDJ exon, we mapped the location of mutations. As shown in Fig. 6 , the distribution of mutations was not significantly different between the two cell lines (p = 0.8, Mann-Whitney test). As expected, mutations were not clustered in the complementarity-determining regions in Ramos cells, which mutate constitutively in the absence of antigen selection. There was also no discernible accumulation in the 15 WGCW (W = A/T) hotspots (Martomo et al., 2004; Zarrin et al., 2004) in this limited sample. Although some V genes contain overlapping hotspots in complementarity-determining regions 1 and 2 that generate a high frequency of mutations (Wei et al., 2015) , the V H 4-34 gene does not have shared motifs in these regions. In summary, like Pol II accumulation, deletion of most of the J H 6 intronic sequence had no distinguishable effect on mutagenesis.
Discussion
During affinity maturation, Pol II dynamics within the immunoglobulin gene are a critically important regulator of AID activity. Within switch regions, the repetitive sequences are sufficient to stall Pol II and give AID abundant access to DNA (Rajagopal et al., 2009; Wang et al., 2009) . However, the mechanism that targets AID to the V region remains elusive. Recently, we showed that Pol II accumulates within the V region in a manner that is reminiscent of the necessity for pausing in the switch region (Maul et al., 2014) . To identify potential cis DNA ChIP assays for Pol II and IgG from 4 independent experiments with 1-2 clones per strain per experiment. The dotted line shows the level of Pol II using nonspecific IgG. Error bars represent the standard error of the mean. Significance was measured using one-tailed paired student t-test; ns, not significant. sequences that may cause Pol II accumulation, we manipulated DNA within the IgH locus of the Ramos cell line. Ramos cells have been utilized for a plethora of somatic hypermutation studies, beginning with experiments by Sale and Neuberger, who found strand breaks in the V gene that were tagged by terminal deoxynucleotidyl transferase (Sale and Neuberger, 1998) . Furthermore, Ramos cells have been utilized to address the role of SHM-associated features including new specificities (Cumbers et al., 2002) , V gene alterations (Bemark and Neuberger, 2003) , single-stand DNA abundance (Ronai et al., 2007) , AID recruitment (Singh et al., 2013) , Pol II dynamics (Parsa et al., 2012; Wang et al., 2014) , AID hotspot dynamics (MacCarthy et al., 2009; Wei et al., 2015) , and DNA repair (Frieder et al., 2009 ). Finally, the cells have been used to probe genome-wide AID targeting (Meng et al., 2014) .
Using this adaptable line, we examined sequences that may slow Pol II progression and attract AID. We removed 613 bp of the J H 6 intron downstream of the VDJ gene and measured Pol II and SHM levels. This region was chosen because it sustains high levels of mutation and Pol II accumulation. Analysis of Pol II abundance confirmed the finding that V regions accumulate significantly higher levels of Pol II than C regions (Maul et al., 2014) ; however, this accumulation was unaltered in the Δ intron cells, and the frequency of mutation was unchanged. It is possible that the remaining 150 bp adjacent to J H 6 and 200 bp adjacent to Eμ could modulate SHM activity. Nonetheless, our data show that most of the intron does not contain regulatory information for targeting SHM to the VDJ gene. Taken together with published reports that the V region promoter, VDJ exon, and intronic enhancer sequences are dispensable (Betz et al., 1994; Fukita et al., 1998; Inlay et al., 2006; Li et al., 2010; Perlot et al., 2005; Peters and Storb, 1996; Shen et al., 2001; Tumas-Brundage and Manser, 1997; Yeap et al., 2015; Yelamos et al., 1995) , it is reasonable to conclude that most of the V region is superfluous for SHM. The finding that the 3′ regulatory region has a significant role in controlling immunoglobulin transcription, chromatin structure, and subsequent mutagenesis (Rouaud et al., 2013) , suggests that V region transcriptional accumulation and mutagenesis is regulated through contact between the promoter and 3′ regulatory region, and not through local DNA sequence. 
